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Abstract —This paper describes the application of the Huygensphenomena associated with it, including diffraction [3]. How-
Fresnel Principle to acoustical diffraction modeling. A theoreticalever, failure to account for diffraction can lead to a non-realistic
formulation of the optics-based Huygens-Fresnel Principle is preauditory simulation.

sented followed by a discussion regarding the modifications necessary Despite its importance, diffraction is typically ignored by

to apply the Huygens-Fresnel Principle to acoustical diffraction mOdmany geometrical acoustical techniques [4], [2]. That being

eling. Experimental results indicate the method is capable of model; ™ o jimited number of research efforts have investigated
ing acoustical diffraction phenomena in a simple and efficient manner,

o ) ) T . acoustical diffraction modeling for virtual environment appli-
maklng it attractive for interactive virtual environments. . . . .
cations. Tsingos et al. [2] describe an extension to a beam trac-

Keywords -acoustical diffraction, Huygens-Fresnel, virtual environ- N9 @Pproach capable of approximating diffraction. Their fre-
ment guency domain method, which is based onuhé&orm theory
of diffraction (UTD) [5], is valid primarily for higher frequen-
cies. Validation of their approach is shown in [6] and involves
a comparison between the actual measured impulse response in
a simple enclosure (the “Bell Labs Box”) and the impulse re-

Diffraction of sound refers to the “bending mode” of soundsponse obtained by simulating the enclosure. Their technique
propagation whereby sound waves go (“bend”) around an olas the first use of a physically based diffraction model to pro-
stacle that lies directly in the line of straight propagation beduce interactive rate sounds in a complex virtual environment.
tween the sound source and receiver [1], allowing us to hear Various other research efforts have examined non-geometric
sounds around corners and barriers. Diffraction is dependemtoustics based diffraction modeling. Torres et al. [4] describe
on both wavelength and obstacle/surface size, increasing as éhiéme-domain model based on the Biot-Tolstoy-Medwin tech-
ratio between wavelength and obstacle size is increased [b]que [7], which computes edge diffraction components and
The frequency spectrum of audible sound ranges from approsembinations of specular and diffracted components. Lokki et
imately20Hz to 20kHz, corresponding to wavelengths ranginggl. [8] and Svensson et al. [9] have also investigated diffraction
from 0.02m to 17m. Since the dimensions of many of the ob-modeling based on the Biot-Tolstoy-Medwin technique. Such
jects/surfaces encountered in our daily life are within an ordéechniques are currently not applicable to interactive applica-
of magnitude as the wavelength of audible sounds, diffractidipns due to complexity issues.
is an elementary means of sound propagation, especially whenDiffraction is a wave phenomenon and as a result, it is inher-
there is no direct path between the sound source and the et in both sound and light waves (in addition to other waves as
ceiver [2]. Many auralization methods, and in particular thoserell). With respect to light, diffraction has received consider-
intended for virtual environment applications where dynamiable attention. Diffraction effects are an important aspectin the
update rates are necessary, are based on geometric acouddiets of optics and have been studied for hundreds of years and
They assume sound is a ray phenomena [1] and model all iseveral prevailing theories have been established. One such
teractions between a sound ray and objects/surfaces as spdahaeory is the Huygens-Fresnel Principle, originally formulated
lar, thus ignoring important effects such as diffraction and difey Christian Huygens in 1678 and later modified/extended by
fusion. Although ray based approaches are simple to mod&lgustin Fresnel. Although the Huygens-Fresnel Principle
and implement, they are valid primarily for higher frequencys a rather simple approach however it can satisfactorily de-
sounds where reflections are indeed primarily specular. In ageribe a large number of diffraction configurations in a simple
dition, they typically ignore the wavelength of sound and angand efficient manner. Furthermore, as shown by Kirchoff, the

I. INTRODUCTION
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Huygens-Fresnel Principle is directly derivable form the scalar Secondary Secondary
differential wave equation [10]. The Huygens-Fresnel Princi- sourees f—e
ple is based on the assumption that at every time instant, every
point on a primary wavefront can be thought of as a continuous
emitter of secondary wavelets (sources) and these secondary
wavelets combine to produce a new wavefront in the direction
of propagation. This assumption fits nicely with particle/ray
based auralization methods whereby the acoustics of an envi-
ronment is determined by emitting sound “particles” from a
sound source and tracing them through the environment.

Direction of
propagation

>4\e\
) R - Observation
point

This paper describes a simple and efficient probabilis- /
tic acoustical diffraction modeling technique based on the Primary wave -
Huygens-Fresnel Principle. The technique described here is Ricihriio
incorporated into the sonel mapping framework [11]. The goal wave)

of sonel mapping is to model the acoustics of an environment,
taking into account the relevant acoustical phenomena experi-
enced by a propagating sound in an efficient manner at interac-

Fig. 1. Huygens’ Principle.

tive rates for use in dynamic virtual environments. specularly where the angle of reflection is equal to the angle of
o incidence (specularly reflected sonels are not stored).
A. Paper Organization In the second stage (thenderingstage), the room impulse

response is estimated through the use of the previously con-

The remainder of the paper is organized as follows. A brief,cteq sonel map coupled with acoustic distribution ray trac-

introduction to the sonel mapping method is provided in S€Gq  The impulse response is estimated by emitting acoustic

tion Il.An introduction to the Huygens-Fresnel Principle iS4y5 from each receiver and tracing them through the scene
provided in Section Il while its application to acoustical modyy hie recording their interaction with any objects/surfaces. As

eling is described in Section IV. Experimental results are prop, e sonel tracing stage, a Russian Roulette strategy is used
vided in Section V and finally, a summary, discussion of futur?O determine the type of interaction between an acoustic ray

work and concluding remarks are given in Section V. and a surface it encounters. When the interaction at pama
diffuse reflection, the acoustic ray is terminated and the sonel
1. SONEL MAPPING map is used to provide an estimate of the sound energy leaving

point p and arriving at the receiver usingdensity estimation

. . L ._algorithm. When the interaction is a specular reflection, as in

_Sonel mapping [11] is an application of the photon MappiNghe sonel tracing stage, the sonel is reflected specularly such
{Rat the angle of reflection equals the angle of incidence. How-

er, in contrast to stage one, when a sound ray encounters a

und source, its energy is scaled to account for attenuation by

e medium and added to the accumulating impulse response.

a two-pass probabilistic, “particle-based”, acoustical modelin
method whose goal is to model the propagation of sound with|
an environment, currently taking into consideration both spegq

ular and diffuse reflections and absorption in an efficient mary ;.\ stage one, when the interaction is determined to be ab-

ner. sorption, the sonel is terminated. Other acoustical effects can

In the first pass (theonel tracingstage), sound elements e modeled using this framework. This paper for example, ex-
known assonelsare emitted from each sound source and tracet@nds the basic approach to handle diffraction.

through the scene until they interact with a surface. Each sonel
can be viewed as a packet of information propagating from
the sound source to the receiver, carrying the relevant informa-
tion required to simulate mechanical wave propagation. Upon
encountering a surface, a Russian Roulette strategy is used to

determine the type of interaction between the sonel and the sur-The Huygens Principle, developed by Christian Huygens in
face [13]. Based on the characteristics of the surface and th&78, is based on the wave theory of light. Referring to Figure
result of a randomly generated number, the sonel is reflectédthe Huygens Principle states that every point on the primary
either specularly, diffusely or is completely absorbed by thevavefront can be thought of as a continuous emitter of sec-
surface. When the interaction is diffuse reflection at a poirandary wavelets (sources) and these secondary wavelets com-
p, the sonel is stored in a structure calledanel mapwhile  bine to produce a new wavefrontin the direction of propagation
a “new” sonel is generated and reflected diffusely by choo$14].

ing a random direction over the hemisphere centered ghoutThe Huygens principle is itself not completely correct since if
Upon encountering a specular surface, the sonel is reflectedch of the secondary wavelets were emitted uniformly in all

[ll. INTRODUCTION TO THE HUYGENS-FRESNEL
PRINCIPLE
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Fig. 2. Fresnel zones. Fig. 3. Fresnel zone geometry.

directions then in addition to the forward propagating wavedsS are coherent and assumed to emit in phase with the primary
front, a wavefront propagating in the reverse direction wouldvave. The secondary sources travel a distantreach the
also be observed when in fact it is not. As inferred by Fresnegceiver at a time, all of them arriving there with the same
and later formulated by Kirchoff, these secondary wavelets apthasevt — k(p+r). The strength of the secondary sources per
emitted in a direction dependent manner based aobdiquity  unit area oniS, denoted by 4, is proportional taFy / p within

or inclination factor K (6) as [10] a constant factof) (e.g.,E4 = QEy/p, where@ = 1/)).
1 The energylE reaching the receiver from all the secondary
K(0) = 5(1 + cos(0)) (1) sources onlS is given as

where, as illustrated in Figure &,is the angle made with the
normal to the primary wavefromt The Huygens Principle and
Fresnel's modification are collectively known as the Huygens- o i
Fresnel Principle and can describe various diffraction config?nere the obliquity factors'(9) is assumed to be constant
urations. A brief summary of the derivation of the Huygenstroughoutds and throughout the entire Fresnel zafetself
Fresnel Principle as it appears in [10] is provided for completé:@n Pe given as a function of Referring to Figure 3,

ness in the following section. dS = pdip2m(psin ). @)

B = K(e)% coslewt — k(p +r)|dS @)

A. Fresnel Zones
Applying the law of cosines yields
Referring to Figure 2, consider a sound source (S) and re-

ceiver (R) in free space (e.g., no obstacles between them). Hav- 2 =p?+ (p+10)% = 2p(p+70) cos . (5)

ing originated at S at time= 0 with an amplitudeF, at time

t’ the wave will have propagated a distapcand its amplitude Keepingp andrq constant and differentiating Equation 5 above
will be Ey/p. The wavefront at tim¢ can be described as  gives

2rdr = 2p(p + ro) sin dp. (6)
E = 2 cos(wt’ — kp) )
T e P Rearranging Equation 6 abov&, can be expressed as
where,w = 27 f is the angular frequency and = 27\ is Urdr
the wave-numberX(is the wavelength). This expanding wave- dyp (7)

front is divided into a number of ring-like regions, collectively 2p(p+10)sin.g

known as th&resnel zonefl0]. The boundary of the'” Fres- and using the value afp, dS can now be expressed as
nel zone corresponds to the intersection of the wavefront with

a sphere of radius, + n)/2 centered at the receiver wherg, ds =2n—L rar. (8)
is equal to the distance between the receiver and the expanding (p+10)

wavefront after it has traversed a distance &fom the sound - Finally, the energys; arriving at the receiver from thé" zone

source. In other words, the distance from the receiver to eaglin then be determined by integrating over all differential areas
adjacent zone, differs by half a wavelenghy'). acrossZ; and is given as

Each Fresnel zone is finite in extent and therefore, as illus-
trated in Figure 3, a differential ring-shaped atiacan be de-
fined within a zone. The secondary sources (wavelets) within

_ Eap "
E, = K;(0)2w ot o) /Tl_l coslwt — k(p+r)ldr. (9)



Performing the integration, A. Method Details

—K(0)EapX . ) In order to determine the energy arriving at the receiver
E, = ot sinjwt — kp — kr[;=0 . (10)  from theit" Fresnel zone (including the first zone), the position
of one of the secondary sources within tHezone is required
and since;_; = ro + (I — 1)A\/2 andr; = I\/2, Equation 10 SO that the obliquity factorK (¢)) and the sampled positions

can be evaluated, leading to required to determine the visibility of the zone can be deter-
mined. In the sonel mapping method, at each sound source,
2K, (0)Eap\ sonels are emitted and traced through the environment while
_ 1+1 280 APA : - : ) :
E = (-1) (p +70) sinfwt —k(p +70)]. (1) recording their interaction with any surfaces/objects they may

encounter. Upon encountering a surface, a decision is made as
The distance between adjacent zones differa i There- to whether the sonel will be reflected specularly or diffusely,
fore, according to Equation 11, depending on whettigeven diffracted or completely absorbed (the decision is made prob-
or odd, the energy term will be positive or negative respe@.bilistica”y based on various parameters inClUding frequency,
tively. As a result, the energy reaching the receiver from adjalistance to an edge etc.). If the sonel is to be diffracted, its
cent zones will be out of phase by half a wavelength and thi9sition will be assumed to be on the edgef.). Since the
cancel each other. The total enetjyeaching the receiver can Position of both the sound source and,. are known, the dis-

be determined by accumulating the energy from each ofithe tance between them,. can be determined. The radius of the
zones primary wavefront is then set to this distance (eQ= 7).

E=FE +Ey+Es+---+E,, (12) Being on the edge itself.qq4. Will be located on the surface
of the wavefront and is assumed to be the position of one of
Since the sign of each zone alternates, Equation 12 can e secondary sources in this particular Fresnel zdfg;).

re-formulated as Although only the first zone is of interest, given the position of
a secondary source in any other zone, referring to the geome-
E = |Ey| — |Es| + |E3| — - - £ |Ep| (13) try illustrated in Figures 2 and 3, the position of a secondary

source in any other zone can be easily determined.
From Equation 13, it can be deduced that the disturbance The initial Fresnel zone can be determined as
generated by the entire unobstructed wavefront is approxi-

mately equal to one half of the contribution of the first zone Ziin = iw + 0.5i (15)
[10], A
~ @ (14) where,r;y;; is the distance between the receiver apg,. and

ro = rs — p Where,r,, is the distance between the sound
source and the receiver. Althoughg,. may lie anywhere
IV. ACOUSTICAL DIFFRACTION USING THE within Zi,,,it_anpl not nec_essarily on its boundary, it is a}ssumed
HUYGENS-FRESNEL PRINCIPLE that the obliquity factor is constant throughout the entire zone.
The total energy reaching the receiver from the first zéne
can be determined as follows:
The acoustical diffraction technique to be described here

utilizes the Huygens-Fresnel Principle as described above t0 g, ~ v, x @

estimate the acoustical energy reaching a receiver from a given 2

sound source after being diffracted by an edge. Essentially, ~ oy x |(=1)2 2K (0)EapA sinfwt — k(p + 7o)]|
given a sound source, receiver and edge, the energy reaching (p+10)

the receiver is estimated by considering the energy arriving at 2K1(0)EapA

~ v X sinfwt — k(p + r0)] (16)

the receiver from the first Fresnel zone as in the unoccluded
scenario. To account for diffraction effects, a visibility factor
for the first Fresnel zone is introduced. The visibility factowhere,t = (ro + A/2) /v, is the time taken for the secondary
(denoted byv,) represents the fraction of the first zone vis-sources on zone one to reach the receiver.

ible from the receiver. Positions on the first zone are sam-

pled uniformly and ray casting is used to determine the frac-

tion of the zone visible to the receiver. The total visibility of

(p+r0)

the zone is equal to the fraction of sampled positions where a V. EXPERIMENTAL RESULTS
clear path between the sampled position and the receiver exists
(nvis), versus the total number of positions sampléd,i(), Two experiments are reported that indicate the effectiveness

given mathematically as; = 1.5/ Nyis of the sonel acoustical diffraction method.
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In this first experiment, the visibility of the first Fresnel zone 33‘3\ / /g’;?g‘éé's
was determined for various sound source frequencies given the L Bl
sound source, receiver and the “infinite edge” configuration 2 L 20
shown in Figure 4. The sound source and receiver were located > 7 e
at the same height and in line with each other and separated
by an “infinite edge”. The position of the single sonel on the Fig. 7. Experiment two results: 250Hz.

edge and hence the position of a secondary sound source (when
considering the Huygens-Fresnel approach) was also assumed L o )
to lie on the same (imaginary) line as the sound source aﬁ_&ige plane and receiver is |II_ustrated_|n Flgure_ 6. The posi-
receiver. Frequencies examined were 63Hz, 125Hz, o5oHion of the sound source remained stationary while the position
500Hz, 1000Hz, 2000Hz, 4000Hz and 8000Hz. of the receiver was varied in one meter increments across the
A graphical summary of the results is provided in Figure 57 and Z Coord'r.“?‘tes’ beginning at position (85, 75, 75)
where the horizontal axis represents frequency and the ver‘ﬁ[‘d. gndmg at position (85, 85, 85). The sound source was
cal axis represents the level (in dB) of the sound reaching tt?éjs't_'oned one "_“?ter below the edge“((?,n the“Y”aX|s) a_md the
receiver (the original sound source level was 90dB). The sypEcelver was positioned such that the "¥" and Z. coordlnates
plot included in the bottom left corner of Figure 5 describe§0rreSponded to the upper h.alf of the edge. In this experlment,
frequency (horizontal axis) vs. visibility (vertical axis) of theOnly edge effects were cor_13|dered (e.g., no specglar or dlff_use
first Fresnel zone from the receiver position. As seen in FigurrﬁﬂeCtlonS etc. were considered). _For each receiver position,
5, the visibility of zone 1 is inversely proportional to frequency.t e sound level arrving at_the receiver was d(_etermlned by us-
The decrease in visibility is due to a decrease in the size of il the methad described in the previous section.
first Fresnel zone as frequency is increased. A decrease in vis-1he original sound level was 90dB and was equally divided
ibility also leads to a decrease in the level of the sound reacAmongst sonels that were emitted from the sound source. All
ing the receiver. As a result, as frequency increases, the soufdhe sonels were diffracted on one the four edges of the plane.
level reaching the receiver decreases. This conforms to theoréhe actual edge was randomly chosen as was the position on
ical results that predict lower frequency sounds (and therefot@e edge itself. Figure 7 and 8 illustrate the results for a sound

longer associated wavelengths), are diffracted more [1]. source of 250Hz and 500Hz respectively. As indicated in both
figures, the level increases as the position of the receiver in-
B. Experiment Two creases from its initial value of Y = 80. In addition, as with

the results of the previous experiment, a decrease in the sound
In the second experiment, a “non-infinite” edge plane (Su,level reaching the receiver is generally observed as frequency
face) with dimensions 6m 6m was placed between the sounds increased.
source and receiver. The configuration of the sound source,



(5]
(6]
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Level (dB)
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B

[10]
[11]
Fig. 8. Experiment two results: 500Hz.
[12]
VI. SUMMARY
[13]

This paper presented an acoustical diffraction modeling al-
gorithm based on an approximation to the Huygens—Fresr{éf‘]
Principle. Preliminary results based on modeling of two simple
configurations indicate the method can quickly and efficiently
approximate acoustical diffraction effects. This work is on-
going and currently, the proposed diffraction method is being
incorporated into the probabilistic (Russian Roulette) frame-
work of the sonel mapping method. At each sonel-surface in-
teraction point, based on several parameters of both the surface
(e.g., size, diffuse and absorption coefficients) and the sound it-
self (e.g., frequency) a decision is made as to whether the sonel
will be reflected specularly or diffusely, refracted, diffracted
of absorbed. With the inclusion of the proposed diffraction
modeling algorithm, sonel mapping is capable of modeling the
acoustics of an environment, taking into account the various
acoustical phenomena occurring as a sound propagates and in-
teracts with objects/surfaces in the environment, in an efficient
manner ultimately allowing it to be used in interactive virtual
environments.
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